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Laboratory, Argonne, IllinoisABSTRACT Proteins are dynamic molecules whose function in virtually all biological processes requires conformational
motion. Direct experimental probes of protein structure in solution are needed to characterize these motions. Anomalous scat-
tering from proteins in solution has the potential to act as a precise molecular ruler to determine the positions of specific chemical
groups or atoms within proteins under conditions in which structural changes can take place free from the constraints of crystal
contacts. In solution, anomalous diffraction has two components: a set of cross-terms that depend on the relative location of the
anomalous centers and the rest of the protein, and a set of pure anomalous terms that depend on the distances between
the anomalous centers. The cross-terms are demonstrated here to be observable and to provide direct information about the
distance between the anomalous center and the center of mass of the protein. The second set of terms appears immeasurably
small in the context of current experimental capabilities. Here, we outline the theory underlying anomalous scattering from
proteins in solution, predict the anomalous differences expected on the basis of atomic coordinate sets, and demonstrate the
measurement of anomalous differences at the iron edge for solutions of myoglobin and hemoglobin.INTRODUCTIONProteins are dynamic molecules whose activities contribute
to all biological processes. Virtually all protein functions
require movement, whether it is for the application of
mechanical force, chemical transformation, signal transduc-
tion, or molecular translocation. Crystallography generates
static images of proteins at atomic detail, and inferences
about movement can be extrapolated from those results.
Direct experimental probes of protein structure in solution
are needed to test such inferences and characterize move-
ments that are not apparent from the crystal structures.
Wide-angle x-ray scattering (WAXS) of proteins in solu-
tion can provide information about structural changes (1),
but it is difficult to extract information about specific atoms
or groups from these data. For decades, investigators have
used heavy-atom labels to obtain phase information in crys-
tallography, but their presence has the potential to disrupt
the very movements we wish to study. Anomalous diffrac-
tion is used routinely as a phasing tool for crystallography
(2). This approach can be applied without structural pertur-
bation if the protein has an appropriate metal cofactor, or
with minimal perturbation if one or more methionines can
be replaced with selenomethionine (3).
Researchers have applied anomalous small-angle and
wide-angle x-ray solution scattering (ASAXS and AWAXS,
respectively) to study a number of inorganic systems (4) and
a few systems of biological interest, including the distribu-
tions of ions around macromolecules in solution (5–7).Submitted July 1, 2011, and accepted for publication January 17, 2012.
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0006-3495/12/02/0927/7 $2.00Anomalous scattering from iron has been observed in scat-
tering from monolayers of cytochrome c (8), solutions of
ferritin (9), and hemoglobin (10), where the anomalous
differences were shown to be consistent with the arrange-
ment of iron atoms determined from crystallography. The
stronger anomalous signal from terbium (changes in scat-
tering factor of ~20 electrons compared with ~7 for iron)
was studied in solutions of parvalbumin labeled with
terbium ions bound to two calcium-binding sites (11), and
used to estimate the distance between the terbium labels
and the center of mass of the protein.
In scattering from crystals, the anomalous diffraction
provides a direct means of estimating phases and has revo-
lutionized the determination of protein structures. In solu-
tion, the anomalous diffraction has two components: a set
of cross-terms that depend on the relative location of the
anomalous centers and the rest of the protein, and a set of
pure anomalous terms that depend on the distances between
the anomalous centers (10,11). The cross-terms are demon-
strated here to be observable and to provide direct informa-
tion about the distance between the anomalous center and
the center of mass of the protein. The second set of terms
is at least two orders of magnitude smaller than the first,
and appears to be beyond our current capabilities to measure
small intensity differences.
Advances in the stability and tunability of synchrotron
sources are enhancing the prospects for using anomalous
diffraction to generate detailed information about the molec-
ular structure of proteins and the structural changes they
undergo in solution. Here, we outline the theory underlying
anomalous scattering from proteins in solution, calculatedoi: 10.1016/j.bpj.2012.01.026
928 Makowski et al.the anomalous differences expected, and demonstrate the
measurement of anomalous differences at the iron edge for
solutions of myoglobin and hemoglobin.MATERIALS AND METHODS
Protein
Hemoglobin A isolated from human blood samples was prepared in 0.05 M
sodium phosphate buffer, pH 7.0, at 150 mg/ml and equilibrated against CO
to saturation. A low-concentration sample was transferred to a cuvette for
optical spectroscopy to verify that CO was bound to the hemoglobin.
Equine myoglobin (Sigma, St. Louis, MO) was diluted in phosphate-buff-
ered saline without calcium and magnesium (Biowhittaker; Cambrex,
Rockland, ME) to a final concentration of 150 mg/ml.Data collection
Solution scattering patterns from human carbonmonoxy hemoglobin
(HbCO) and equine metmyoglobin were collected at 18ID, the BioCAT
beam line at the Advanced Photon Source (12). Protein solutions were
maintained at 4C, and flowed past the x-ray beam at a rate that limited
exposure of any one protein to no more than 100 ms. Data were collected
on a MAR165 two-dimensional CCD detector using a specimen-to-detector
distance of ~180 mm. At each x-ray energy, 35 independent patterns were
collected: 15 from each protein solution; 10 from precisely matched buffer
solutions; and 10 from the empty capillary. Details of the experimental
conditions and data processing were essentially as described previously
(13), except for the x-ray energy.
X-ray absorption spectra were collected to confirm calibration of the
x-ray source and precisely identify the Fe-edge for the specimens being
studied. X-ray absorption spectroscopy measurements were performed by
scanning the incident beam across the Fe K absorption edge (7112 eV) in
fast continuous-scan mode (30 s/scan) with a step size of 0.5 eV, and
7020–7200 eV energy range. For Fe K a fluorescence detection, we used
a silicon drift detector (Ketek SDD, 80 mm2 active area, energy resolution
170 eV at 5900 eV). The SDD was located in a standard configuration, 90
relative to the beam direction aligned to an opening on the sample capillary
device (14). Data were collected during flow of protein through the scat-
tering volume.
WAXS data were collected at x-ray energies of 7112 (the Fe edge)
and 525 eV and 550 eV from the edge. Three patterns were collected
at 7112 eV for each sample: one at the beginning of the sequence, one after
the 25 and 50 eV patterns, and one at the end of the sequence. Corre-
spondence of these three patterns provided assurance of the stability of
the source. Differences among scattering patterns collected at each energy
were quantitated in a number of ways to check for self-consistency.
Initially, the observed trends were not those expected for anomalous differ-
ences. These unexpected trends were common to the data from both hemo-
globin and myoglobin. The predicted changes in intensity as a function of
x-ray energy occur in the same direction whether the incident x-ray energy
increases or decreases relative to the edge. The observed changes tracked in
opposite directions on the two sides of the edge, suggesting they were due to
an effect other than anomalous diffraction. To analyze this discrepancy, we
carried out a principal components analysis (PCA) of the two data sets. For
the PCA (15), each WAXS pattern was represented as a multidimensional
vector. The PCA defines the directions in this multidimensional space along
which the vectors differ by the greatest amounts. Each of these principal
directions corresponds to an eigenvector or, equivalently, a difference inten-
sity distribution. The form of the first eigenvector (the most significant
energy-dependent term) provided the critical clue to the origin of the
discrepancy between predicted and observed behaviors of the anomalous
signal. In both myoglobin and hemoglobin, this term was nearly (inversely)
proportional to the intensity distribution, suggesting a scaling error. WhenBiophysical Journal 102(4) 927–933we reanalyzed the data sets, we determined that the error was due to
a detector baseline or pedestal of ~10 counts per pixel that was added auto-
matically to prevent occurrence of negative intensity counts. It was inappro-
priate use of a multiplicative scaling of the pedestal that resulted in the
observed systematic errors in estimation of intensities. Rescaling of the
data sets taking the pedestal into account corrected this error and resulted
in patterns of anomalous scattering differences consistent with expectations
from theory.
To further test the reliability of the observed differences, we collected
data from hemoglobin using x-rays with energy corresponding to the sele-
nium edge (12658 eV), where, in the absence of selenium in the sample, we
would expect no systematic differences among the patterns collected
at 550 eV and525 eV from the edge.Theory
Proteins in solution are randomly oriented relative to the x-ray beam, and
the intensity, I(q), as a function of momentum transfer, q, is related to the
interatomic distances in the protein by the Debye scattering equation
(16,17), which can be written as
IðqÞ ¼
X
i
X
j
fif

j

sin

qrij

=qrij

; (1)
where the sum is over all atoms, fi is the complex scattering factor of atom i;
fj*, its complex conjugate; and rij, the distance between atoms i and j. In thecase of anomalously scattering atoms, the atomic scattering factor is a sumof
a normal component, f o, and anomalous components, f 0 and f 00, where (17)
f ¼ f o þ f 0 þ if 00 (2)
and the anomalous component has a real and an imaginary part. The anom-
alous parts are negligible except in the immediate vicinity of an absorption
edge. When the anomalous terms cannot be ignored, substitution of Eq. 2
into Eq. 1 results in
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where the f 0 and f 00 components are nonnegligible only for the anomalously
scattering atoms. When solution scattering is collected at an energy remote
from the absorption edge, only the first term in this sum is significant; at the
absorption edge, the other terms contribute. By collecting intensity data at
both the absorption edge, Ie(q) and remote from the absorption edge, Io(q),
we can obtain the difference intensity, DI(q) by
DIðqÞ ¼ IeðqÞ  IoðqÞ
¼ 2
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:
(4)
All atoms in the structure contribute to the first term through fi
o, which
includes all of the cross-terms between the anomalous scattering atomsand the protein, or NANa terms where NA is the number of atoms and Na
is the number of anomalously scattering atoms (10,11). Compared with
the intensity, Io(q), which has NA
2 terms, this term is on average smaller
by a factor of ~(Na/NA). The second double-sum in Eq. 6 is entirely due
to anomalous atoms, and has only NaNa terms in the sum. It is smaller
than Io(q) by a factor of ~(Na/NA)
2. To within the limits of our ability to
detect difference intensities, the second term is negligible. Only the real
part of the anomalous signal contributed measurably to the observed
scattering.
MADMAX 929Predicting the expected anomalous difference
from atomic coordinates
One can predict the intensity in a WAXS pattern from the atomic coordi-
nates using a number of existing software packages (18–21). They differ
largely in the manner in which the water of hydration and excluded volumes
are treated. The most accurate predictions use an explicit atom representa-
tion of water (19), but when differences in intensities are required, the
various approaches yield almost identical results.
Because the effect of the imaginary part of the anomalous signal, f00,
appears to be immeasurably small, the scattering factor from the anomalous
atom can be approximated as
f ¼ f o þ f 0 þ if 00zf o þ f 0: (5)
TheWAXS pattern corresponding to x-ray energies remote from the edge is
calculated with the atomic coordinates of the protein, and that correspond-
ing to the absorption edge is calculated with the same coordinates except
that the scattering factor of the anomalously scattering atom(s) is adjusted
to the number of electrons appropriate to its scattering at the edge. For
instance, if at the absorption edge of Fe, f0 ¼ 7.36 e (22), we can replace
the Fe (26 electrons) with an equivalent atom having ~18.6 electrons, result-
ing in an excellent model for the anomalously scattering protein. Fig. 1
displays the intensities calculated from an atomic coordinate set for
myoglobin (1WLA) remote from and at the absorption edge of iron. It is
clear from the figure that the anomalous signal is very small compared
with that from the entire protein, and is equal to no more than ~1% of
the native intensity at any observable scattering angle.RESULTS AND DISCUSSION
Observed anomalous diffraction
The solution scattering patterns from human HbCO and
equine metmyoglobin corresponded closely with those re-
corded previously (13), and the effect of anomalous diffrac-
tion was not readily apparent until differences between
intensity traces obtained at different x-ray energies wereFIGURE 1 Plots of WAXS patterns calculated with the use of CRYSOL
from the atomic coordinate set of myoglobin (1WLA) at the iron edge
(dashed) and remote from the edge (solid). The differences generated by
the anomalous diffraction from iron represent no more than 1% of the inten-
sity from native myoglobin at any point in the range of observable q-values.calculated. A control data set taken from hemoglobin at
the selenium edge (12660 eV) 525 eV and 550 eV ex-
hibited none of the systematic intensity variations character-
istic of the differences observed around the iron edge.
The correspondence of patterns taken at the Fe edge
before, during, and after collection of patterns at 525 eV
and 550 eV from the edge confirmed the stability of the
camera and the reproducibility of the patterns.
The x-ray absorption spectra were essentially identical to
those reported previously (23) and confirmed the position of
the Fe edge at 7112 eV.Comparison of calculated and observed data
The observed anomalous differences for myoglobin and
hemoglobin are shown in Fig. 2, where they are compared
with that predicted from corresponding atomic coordinate
sets. The data for hemoglobin are shown in Fig. 2 a. The
correspondence between the calculated and average
observed difference intensities is good, with the maxima
and minima of the observed and predicted differences corre-
sponding across the entire range of scattering angles
observed. The largest discrepancy is at q ~ 0.19 A˚1, where
the predicted peak appears depressed in the observed differ-
ences. This could be due to errors in the estimation of
observed anomalous differences, to differences in the struc-
ture of hemoglobin in crystals and solution, or to structural
fluctuations that occur in solution but not in crystals. Of
interest, the difference between observed and calculated
WAXS scattering from hemoglobin is also largest at this
position (24), which suggests that in solution the protein
takes on a quaternary structure somewhat different from
that in the crystal.
In Fig. 2 b, the predicted and observed anomalous differ-
ences for myoglobin are compared. The four independent
observations, based on differences between the intensities
at the edge and those observed at 525 eV and 550 eV,
are consistent with each other and share many of the features
predicted from the atomic coordinates. In particular, the
minimum at q ~ 0.28 A˚1 is observed at precisely the pre-
dicted position. On the other hand, the predicted differences
are substantially greater than those observed in the range
0.4 < q < 0.7 A˚1, and fall outside the expected observa-
tional errors in this range. This discrepancy could be due
to errors in the measured anomalous scattering or to differ-
ences between the structure of myoglobin in crystals and in
solution. One possible source of the differences is structural
fluctuations of the myoglobin molecules in solution (13),
most likely a rigid-body motion of the heme group, which
results in a dispersion in the position of the iron relative to
the remainder of the protein.
Fig. 2 c includes the corresponding difference plots for
hemoglobin taken around the selenium edge (12,660 eV5
25 eVand5 50 eV). Because the samples contained no sele-
nium, these differences should provide a measure of theBiophysical Journal 102(4) 927–933
FIGURE 2 Comparison of the predicted and observed anomalous differ-
ences from (a) hemoglobin (1IRD) and (b) myoglobin (1WLA), and (c)
a reference set from hemoglobin taken at the selenium edge. Differences
calculated from atomic coordinate sets (red lines) are compared with differ-
ences between intensities at the absorption edge and at525 and550 eV
from the edge (thin black lines). The average of the four anomalous differ-
ence curves is plotted as a thick black line. The differences observed at the
selenium edge (c) provide a measure of the random and systematic errors in
the method, because no selenium was present in the samples.
Biophysical Journal 102(4) 927–933
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As shown in Fig. 2 c, the observed differences fluctuate
around zero, show no systematic variation with q, and are
of a magnitude comparable to the uncertainties observed in
the data collected around the Fe edge (Fig. 2 a). Only three
traces are included in this plot, because a software error
rendered the data from 25 eV below the edge unusable.Predicting position in the absence of other
structural information
An important potential application of this approach is deter-
mining the position of anomalous scattering atoms in the
absence of an atomic coordinate set for the protein. An
examination of the Debye formula suggests a strategy that
can be used for this determination. The Debye formula is
valid whenever all particles that contribute to the scattering
are spherically symmetric, and in many cases, at low resolu-
tion, this is not a bad approximation for a protein (11).
Consider a protein with a single anomalous center bound.
If the protein is approximated as a spherically symmetric
object, its scattering can be treated as a single pseudoatom
in the Debye equation, and Eq. 4 can be rewritten as
DIðqÞ  f op f 0a sin

qrpa

=qrpa; (6)
where fp
o is the (spherically symmetric) scattering factor of
0the protein, fa is the real part of the anomalous scattering
factor of the anomalous center, and rpa is the distance
between the anomalous center and the center of mass of
the protein. Because fp
o >> fa
0, fa00, this term dominates
and, to a very good approximation, the other terms in
Eq. 4 can be ignored.
Application of this approach to myoglobin and hemo-
globin provides a demonstration of the accuracy of the
approximation and the limitations to its use. To that end,
we approximate the scattering from the protein as that due
to a sphere (25), and substitute the Fourier transform of
the sphere into Eq. 6, resulting in
DIsðqÞ ¼ 2

3

sin

qrp
 qrp

cos

qrp

qrp
3
 sinqrpa

=qrpa

;
(7)
where DIs(q) is the intensity calculated using this (sphere)
approximation, rp is the radius of the spherical representa-
tion for the protein, and fa
0 is assumed to be approximately
a constant at relevant q. DIs(q) is a function of two structural
parameters, the radius of the protein, rp, and the distance
from the center of the protein to the anomalous center, rpa.
To test this sphere model, we carried out an exhaustive
search for the structural parameters (rp and rpa) that gave
rise to the best fit to the CRYSOL-generated differences
for myoglobin and hemoglobin. The results of that search
are shown in Fig. 3. This model can be used for hemoglobin
because the four iron atoms are at approximately the same
FIGURE 3 Test of the sphere model with difference intensities computed from atomic coordinate sets using CRYSOL. (a) CRYSOL-generated differences
(solid line) compared with the most closely corresponding sphere model (broken line) for hemoglobin. Inset: A space-filling representation of hemoglobin
provides a measure of the deviation of the molecule from a spherical shape. (b) Contour plot of the difference between CRYSOL-generated anomalous
diffraction and that predicted from a sphere model for hemoglobin obtained using different values of the structural parameters rp and rpa. (c) CRYSOL-gener-
ated differences (solid line) compared with the most closely corresponding sphere model (broken line) for myoglobin. The inset shows one view of a space-
filling model for myoglobin, demonstrating that its shape is not well represented by a sphere. (d) Contour plot of the difference between CRYSOL-generated
anomalous diffraction and that predicted from a sphere model for myoglobin obtained using different values of the structural parameters rp and rpa. In this
case, the sphere model fails to achieve a reasonable approximation to the CRYSOL-generated differences.
MADMAX 931distance from the center of mass of the protein in the carbon-
monoxy state. As can be seen in Fig. 3 a, the correspondence
between the test data set and the sphere model is surpris-
ingly good, given the crudeness of the model. The contour
plot of differences (S (jDIcalc  DIobsj)/SjDIobsj) in Fig. 3 b
indicates that the fit is a sensitive function of the two struc-
tural parameters. The best fit for hemoglobin was for
a molecular radius (rp) of 31.3 A˚ and an iron to the center
of mass (rpa) of 19.6 A˚. This estimate is consistent with
the average distance of 19.5 A˚ between the irons and thecenter of mass of hemoglobin in the atomic coordinate set
of HbCOA used to calculate the difference intensities (irons
are 19.2 A˚ and 19.8 A˚ from the center of mass in the atomic
coordinate set 1IRD).
The analogous calculation carried out for myoglobin
failed to identify a physically meaningful set of structural
parameters that gave rise to a good fit, and the lowest differ-
ences were generated for an rpa approaching zero. Fig. 3 c
shows that even the best sphere model does not correspond
well to the CRYSOL-generated differences, and Fig. 3 dBiophysical Journal 102(4) 927–933
932 Makowski et al.demonstrates that the best fit is for rpa approaching zero. The
most likely reason for the failure of the sphere model in this
case is thatmyoglobin is not a particularly sphericalmolecule
compared with hemoglobin (see insets Fig. 3, a and c).
A comparable analysis of the experimental anomalous
differences is shown in Fig. 4. For hemoglobin (Fig. 4,
a and b), the best-fit protein radius (rp) was 29 A˚ with an
average iron-to-center-of-mass distance (rpa) of 16.2 A˚.
The iron-to-center-of-mass distance is ~15% smaller than
that observed in crystal structures of HbCO A and may
reflect errors in the anomalous differences or limitationsFIGURE 4 Test of the sphere model with observed difference intensities. (a) O
ing sphere model (broken line) for hemoglobin. (b) Contour plot of the discrepa
ence intensity for hemoglobin as obtained using different values of the structura
the most closely corresponding sphere model (broken line) for myoglobin. (d) Co
the sphere-model difference intensity for myoglobin as obtained using different
Biophysical Journal 102(4) 927–933of the sphere model. However, given the accuracy of esti-
mates obtained using model-generated data (Fig. 3), the
possibility that these estimates represent real differences
between the structure of hemoglobin in crystals and that
in solution cannot be ruled out. Extensive NMR studies
(26) have suggested that the structure of hemoglobin in solu-
tion is a dynamic ensemble that includes multiple conforma-
tions and may, on average, differ from that observed in
crystals.
Surprisingly, the analysis of myoglobin data resulted in
a stable solution (Fig. 4, c and d) unlike that obtained usingbserved differences (solid line) compared with the most closely correspond-
ncy between the observed difference intensity and the sphere-model differ-
l parameters rp and rpa. (c) Observed differences (solid line) compared with
ntour plot of the discrepancy between the observed difference intensity and
values of the structural parameters rp and rpa.
MADMAX 933CRYSOL-generated data. The best fit was obtained for
a radius, rp, of 20.6 A˚ and a distance, rpa, of 8.6 A˚ from
the heme iron to the center of mass. In crystal structures
of myoglobin, the heme iron is ~7.5 A˚ from the center of
mass of the molecule, ~1 A˚ less than estimated here. It is
unclear why the calculation performed using experimental
data remained stable whereas the one performed with
computationally generated data did not. It is possible that
fluctuations in the myoglobin structure in solution give
rise to an average structure that is slightly more spherical
than that observed in crystals, resulting in the sphere model
providing an adequate representation at low resolution.CONCLUSION
There is a critical need for a precise molecular ruler by
which we can determine the positions of specific chemical
groups or atoms of proteins in solution, where structural
changes can take place free of the constraints of crystal
contacts. This is particularly true for membrane proteins
that continue to represent a particular challenge for most
structural analyses. MADMAX represents a potential
approach to meet this need. We have demonstrated the
measurement of anomalous diffraction data from proteins
in solution. The correspondence between observed and
calculated anomalous data for myoglobin and hemoglobin
demonstrates that the differences can be accurately
measured and can be predicted from atomic coordinate
sets. We have further shown that the radial position of an
anomalous center can be estimated in the absence of
detailed structural information.
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